The response of in situ photophosphorylation in attached cucumber (Cucumis sativus L. cv Ashley) leaves to chilling under strong illumination was investigated. A single-beam kinetic spectrophotometer fitted with a clamp-on, whole leaf cuvette was used to measure the flash-induced electrochromic absorbance change at 518 minus 540 nanometers (AAslA51o) in attached leaves. The relaxation kinetics of the electric field-indicating AAs18-540 measures the rate of depolarization of the thylakoid membrane. Since this depolarization process is normally dominated by proton efflux through the coupling factor during ATP synthesis, this technique can be used, in conjunction with careful controls, as a monitor of in situ ATP formation competence. Whole, attached leaves were chilled at 5°C and 1000 microeinsteins per square meter per second for up to 6 hours then rewarmed in the dark at room temperature for 30 minutes and 100% relative humidity. Leaf water potential, chlorophyll content, and the effective optical pathlength for the absorption measurements were not affected by the treatment. Light-and C02-saturated leaf disc oxygen evolution and the quantum efficiency of photosynthesis were inhibited by approximately 50% after 3 hours of light chilling and by approximately 75% after 6 hours. Despite the large inhibition to net photosynthesis, the measurements of AA518-540 relaxation kinetics showed photophosphorylation to be largely unaffected by the chilling and light exposure.
AAs18-540 measures the rate of depolarization of the thylakoid membrane. Since this depolarization process is normally dominated by proton efflux through the coupling factor during ATP synthesis, this technique can be used, in conjunction with careful controls, as a monitor of in situ ATP formation competence. Whole, attached leaves were chilled at 5°C and 1000 microeinsteins per square meter per second for up to 6 hours then rewarmed in the dark at room temperature for 30 minutes and 100% relative humidity. Leaf water potential, chlorophyll content, and the effective optical pathlength for the absorption measurements were not affected by the treatment. Light-and C02-saturated leaf disc oxygen evolution and the quantum efficiency of photosynthesis were inhibited by approximately 50% after 3 hours of light chilling and by approximately 75% after 6 hours. Despite the large inhibition to net photosynthesis, the measurements of AA518-540 relaxation kinetics showed photophosphorylation to be largely unaffected by the chilling and light exposure.
The amplitude of the AA518-50 measures the degree of energization of the photosynthetic membranes and was reduced significantly by chilling in the light. The cause of the decreased energization was traced to impaired turnover of photosystem II. Our measurements showed that the chilling of whole leaves in the light caused neither an uncoupling of photophosphorylation from photosynthetic electron transport nor any irreversible inhibition of the chloroplast coupling factor in situ. The sizeable inhibition in net photosynthesis observed after chilling in the light cannot, therefore, be attributed to any direct effect on photophosphorylation competence.
Temperatures lower than about I 'C induce in many species ofhigher plants persistent and even irreversible reductions in light-saturated photosynthesis after rewarming. Low temperature-induced inhibition of photosynthesis develops more rapidly and is more severe if the chilling occurs concurrent Supported in part by U.S. Department of Agriculture Competitive Research Grant 87-CRCR-1-238 1. with illumination (10, 12, 22, 24) . The inhibition is partially reversed by elevated CO2 levels (2, 12) , implicating a stomatalmediated component. However, only a portion ofthe chillinginduced inhibition of photosynthesis can be overcome by saturating C02, revealing that the largest component of the inhibition lies at the level of the chloroplast itself.
The chilling of whole plants in the light causes a reduction in the electron transfer activity of thylakoids isolated from the chilled leaves. However, Kee et al. (6) have shown that even though whole chain electron transport was substantially inhibited by chilling in the light, the residual activity was in substantial excess of that needed to support the measured rates of light-and C02-saturated net photosynthesis. Thus, these reductions in the turnover capacity of electron transport carriers cannot be the direct cause of light-and chillinginduced inhibition of net CO2 reduction.
The functioning of many chloroplast processes is vitally dependent upon the availability of ATP. Thus, before any potential direct effects of chilling can be assigned to these "ATP-dependent" processes, it is important to establish if the ATP formation competence of chill-sensitive plants is compromised by the stress. Photophosphorylation is a highly regulated and relatively labile process and thus seemingly a prime candidate for disruption by environmental stress. Indeed, adverse effects of chilling on ATP formation competence have been reported (3, 8, 17, 20) , but the relevance of these in vitro studies to the in situ inhibition is difficult to evaluate. A special complication associated with studying stress-induced perturbations is distinguishing inhibitions that are actually part of the in vivo process from inhibitions induced through manipulation of tissues made labile by the stress.
In this study we investigated the response of membrane energization and coupling factor activity in attached leaves to chilling in the light by monitoring the flash-induced electrochromic absorption bandshift (26) measured as an absorption change at 518 minus 540 nm (AA518-540). The basis for this measurement of in situ ATP formation is that the membrane depolarizing proton efflux through the coupling factor complex that drives the ADP phosphorylation reaction results in a more rapid relaxation of the electric potential produced by the light flashes. The degree of membrane energization can be judged from the amplitude of the flash-induced change. From an analysis of the electric field depolarization kinetics of cucumber leaves chilled in the light we conclude that, although photophosphorylation shows some marginal perturbation, the dysfunction is not severe enough to be the direct cause of the inhibition observed in light-and C02-saturated photosynthesis.
MATERIALS AND METHODS

Plant Growth Conditions
Cucumber plants (Cucumis sativus L. cv Ashley) were raised from seed in a soil/peat/vermiculite mixture, watered daily and fertilized weekly. The plants were grown in a controlled environment chamber (600 to 800 uEsm-2.S-PAR, 14 h photoperiod, day/night temperatures of 23C/ 20°C) as detailed elsewhere (12) . Attached leaves which had almost reached full expansion (approximately 3 weeks) were used for the various in vitro or in situ measurements.
Chilling Treatments
All chilling treatments were initiated at 10:00 am, 2 h into the photoperiod. Whole 
Treatment of Attached Leaves with DCCD
A 15 cm2 area of both abaxial and adaxial sides of a leaf were lightly abraded with 400 grit carborundum and washed with water. A solution of 10 mm DCCD, 2% (v/v) methanol, and 1% (v/v) Tween 20 was applied to both surfaces for 30 min while the entire plant was kept in the dark at room temperature and 100% RH.
Measurement of Flash-induced H+ Production from Water Oxidation
Cucumber leaves were chilled in the light as described above. Following a 30 min dark period of rewarming, one leaf disc (10 cm2) was removed from each of two illuminated leaves and both discs were ground in a mortar and pestle in 2.5 mL of medium containing 0.3 M NaCl, 30 mm TricineNaOH (pH 7.8), 3 mM MgCl2, and 0.5 mM Na2-EDTA. The homogenate was filtered through four layers of Miracloth, and centrifuged for 15 s in an Eppendorfbenchtop microfuge. The pellet was resuspended in 1.25 mL of a medium containing 0.2 M sorbitol, 5 mm Hepes-NaOH (pH 7.5),2 mM MgC12, and 0.5 mg/mL BSA (essentially fatty acid free) and centrifuged as above. The pellet was washed in 1.25 mL of a medium containing 0.1 M sorbitol, 0.5 mM Tricine-NaOH (pH 7.8), 5 mM MgCl2, and 25 mm KCI and centrifuged as above. The final pellet was resuspended in 2.5 mL of this medium. This procedure resulted in the recovery of 80 to 120 nmol Chl; that is, approximately 10% of the total Chl originally present in the two leaf discs.
The number of PSII centers capable of liberating a proton upon activation by a sequence of single turnover saturating flashes was determined according to Whitmarsh and Ort (25) using an Orion 9103 pH electrode and Keithley 6 1Oc electrometer. Nigericin (2.0 nmol) and K3Fe (CN)6 (1 nmol) were added to the 2.5 mL thylakoid suspension from above that contained 80 to 120 nmol Chl. The cuvette was thermostatted at 23°C. At 10 s intervals, the sample was given a series of 10 single-turnover saturating flashes (3 Hz (Fig. 1) . After 6 h of illumination both had declined to scarcely 25% of control values whereas neither of (Table I) .
Measurement of the Flash-induced Electrochromic Absorption Change in Attached Leaves Shown in Figure 2 is the wavelength dependence of the absorption change measured 8 ms after an actinic flash in an attached cucumber leaf (0). The flash-induced spectrum is indistinguishable from spectra we have observed for other plants (15, 16) and very similar to the spectra observed by us (Fig. 2, 0) of Cytfand b6 is evident in the 550 to 570 nm region. As is common practice with measurements on isolated thylakoid membranes, for the data presented on attached leaves in Figures 3, 4 , and 5, we used a reference wavelength of 540 nm to isolate the electrochromic absorption change from any other contributory factors such as the cytochrome redox changes mentioned above and scattering changes that exhibit a relatively broad and featureless spectrum. A typical signal-averaged trace of the flash-induced electrochromic change (AA518-540) in an attached dark-adapted cucumber leaf is shown in Figure 3a . The 40 ms relaxation time constant of the electrochromic change is characteristic of the rate of membrane depolarization associated with active ATP synthesis. Evidence that the relaxation of the electrochromic change is dominated by proton egress through the ATP synthetase is provided by the effect that the ATP synthesis inhibitor DCCD has on the kinetics. A ten-fold increase in the relaxation time constant to 400 ms (Fig. 3b) (Figs. 4 and 5A) . After 6 h of exposure to low temperature and high light the flash-induced absorption change had all but disappeared.
Despite the severe effect that chilling in the light had on the flash-induced amplitude, there was only a modest effect on the rate of decay; that is, on the rate of ATP formation. Analysis of the exponential decay of the traces in Figure 4 reveals an increase in the time constant from 45 ms in control plants to about 70 ms for plants chilled in the light (Fig. SB,  U) . Increasing the frequency (Fig. 5B, A) at which the flashes are delivered to the leaf both lowers the value of relaxation time constant as well as reduces the effect that chilling in the light has on it. The higher flashing rate results in a larger driving force for ATP formation because, as the sequential flashes become more closely spaced, their contribution to membrane energization becomes increasingly additive (e.g. ref. 16 ).
It was of interest to discover whether the decrease in amplitude of the AA518-540 caused by chilling in the light (Figs. 4 and SA) reflected a correspondingly smaller membrane potential or, alternatively, was caused by a decrease in the optical pathlength through the leaf. The influence of chilling in the light on the optical path taken by the measuring beam passing through the leaf was investigated following the procedure of Ruhle and Wild (19) . Figure 6 shows the absorbance spectrum of an attached cucumber leaf, before (trace a) and after (trace b) chilling in the light. Trace c is the absorbance spectrum of a suspension ofcucumber thylakoids in which the Chl content was adjusted to be equivalent to that of the leaf on a surface area basis. Trace d is the spectrum of a methanol-extracted, pigment-free leaf in which the apparent absorbance from 500 to 750 nm is due only to reflection and light scattering intrinsic to the leaf's architecture. By subtracting trace d from the leaf spectra (traces a and b) the contribution of light dispersion can be minimized and the absorbance of the pigments themselves estimated. The intensification of absorbance due to increased pathlength caused by leaf architecture is then the ratio of the leaf absorbance (AL) for the intensification factor (fi) are given for four wavelengths in 
Inhibition of PSII Turnover by Chilling in the Light
Since the light chilling-induced decrease in the AA518540 cannot be accounted for by a change in optical path length it probably reflects a true decrease in the flash-induced electric field across the thylakoid membrane. To determine if the decrease in energization arose from an inhibition of electron transfer, we used 10 closely spaced (40 Hz) half-saturating flashes to energize the leaves. The rationale of the experiment is that nearly the same membrane potential should be attainable from the cumulative energization of fewer active components turning over a greater number of times providing that the flashes are spaced closely enough to be additive. Indeed, although requiring more flashes, leaves that had been chilled for 3 h in the light (Fig. 7, trace b ) generated a tested using an analysis of variance on a repeated measures design, testing T against the within-plant residual error. Differences among the three chilling treatments were tested using a one-way analysis of variance at a 5% level of significance.
comparable "steady state" membrane potential as the unchilled controls (Fig. 7, trace a) .
To assess the competency of PSII, we measured flashinduced water oxidation in thylakoid membranes isolated from control leaves and leaves that had been chilled in the light. The concentration ofactive PSII centers was determined from measurements of proton production due to water oxidation (25) . Because each flash was intense enough to excite every reaction center (>98% saturating) yet short enough to ensure that each reaction center turned over only a single time (i.e. less than 10% double hits), the number of protons The intensification factor, fi, is the ratio of the leaf absorbance (AL)
to the thylakoid suspension absorbance (AT) and represents the degree to which the leaf architecture increases the effective optical pathlength for absorbance measurements. released from water was equal to the number of PSII centers present in the sample that were able to turn over at a rate of at least three times per s. The data in Figure 8 show that 3 h of chilling in the light (0) caused about a 25% decrease in flash-induced water oxidation, comparable to the decrease in the flash-induced AA518-540 (Fig. SA) .
Effect of Chilling in the Light on Light-Adaptation of in Situ ATP Synthesis Preillumination of a leaf with continuous light results in more rapidly relaxing flash-induced electrochromic changes (Fig. 9, trace b) . This effect of preillumination almost certainly arises from thioredoxin-dependent reduction of the coupling factor (9), a process that is being extensively studied on the isolated enzyme (e.g. refs. 7, 23) and has been implicated in the regulation of coupling factor in vivo (e.g. refs. 13, 14, 21, 23) . Reduction of the coupling factor lowers the energetic threshold for the activation of the enzyme (5), which would account for the more rapid relaxation of the transmembrane electric potential seen after preillumination (Fig. 9, cf. traces  a and b) .
In this study we examined the effect of chilling in the light on the capacity for this light adaptation by preilluminating for 90 s at room temperature with 500 gE . m-2 -s-' PAR, followed by a 2 min dark interval. The 2 min dark interval was long enough to allow for the dissipation of any energization caused by the preillumination but too short to allow for significant reoxidation of the coupling factor. Thereafter, the flash-induced electrochromic change was measured. Comparison of traces b and d in Figure 9 shows that the light adaptation, that we interpret to be reduction ofcoupling factor by thioredoxin during the 90 s preillumination, is not disrupted by the chilling treatment. We do not presently know the significance of the decrease in amplitude observed in both control and chilled leaves following the preillumination.
DISCUSSION
The capacity of thylakoid membranes to store charge (i.e. their electrical capacitance) is considerably smaller than their capacity to bind protons (i.e. their H+-buffering capacity). Consequently, the electrical and chemical components of the overall electrochemical potential that drive ATP formation develop out of phase. The first protons that are accumulated by the thylakoid vesicle after the onset of illumination result in a sizeable electric potential due to the charge imbalance across the membrane while the transmembrane pH difference remains small. As proton accumulation continues the ApH becomes larger as membrane buffering groups are successively titrated and the electric potential declines to very low values as charge compensating ions distribute in the electric field and nullify the charge imbalance.
In this study we took advantage of the contribution by the electric potential to single turnover flash-driven ATP synthesis Chilling attached cucumber leaves in the light had only minor effects on the decay kinetics of the flash-induced electrochromic shift (Fig. 5 B) . Only at a low flash repetition rate of 0.1 Hz was the relaxation time constant larger after chilling in the light than before. Flashing at 2.0 Hz restored the decay kinetics to close to those of the unchilled plant showing that the slowed decay seen at the low flash frequency after chilling can be overcome by the larger Ap values produced when the individual contributions of closely spaced flashes to the Ap (mostly to the ApH) became additive.
Peeler and Naylor (17) provided evidence for an uncoupling of photosynthetic electron transfer from photophosphorylation in cucumber thylakoids from plants chilled in the light. Uncoupling causes an unmistakable acceleration of the decay of the AA518-540 and was not seen in the present study in over 100 experiments with plants chilled in the light for 1 to 6 h. It seems likely that the thylakoid uncoupling reported by Peeler and Naylor was a differential effect of the isolation procedures. Indeed, they showed in the same study that cucumber thylakoids are particularly sensitive to uncoupling during isolation.
It is well established in chloroplast bioenergetic literature that high rates of ATP hydrolysis by thylakoid membranes require preillumination in the presence of sulfhydryl reducing compounds such as dithiothreitol. It is only recently, however, that the relevance of thiol reduction of CF1 to ATP synthesis has become evident. It is now known that the involvement of such thiol reagents in the coupling factor activation process is through the reduction of a single disulfide linkage in the 'y subunit of CF, (7, 23) . Furthermore, it seems likely that thioredoxin, located in the stroma and photoreduced by PSI, mediates the reduction of the y subunit of CF1 in situ (13, 21) . While reduction of the y subunit is not an obligatory requirement for activation it has been shown that reduction significantly lowers the energetic threshold required for catalytic activity (5) . Thus, in the experiments reported in this study we have shown that cucumber plants chilled in the light are not only capable of activating coupling factors in their oxidized state (i.e. after 30 min dark adaptation) but are also able to carry out normal light-dependent reduction of the enzyme (Fig. 9) . As a secondary issue to the behavior of the coupling factor we were interested to define the cause for the decrease in the AA518 540 caused by the chilling treatment. Since the effective optical pathlength through the leaf was unchanged by chilling in the light (Fig. 6) , the smaller flash-induced amplitude reflects either a smaller flash-generated membrane potential or a change in the sensitivity of the absorption bandshift to the size of the transthylakoid electric field. For instance, if the pigments within the thylakoid that respond to electrochromism were bleached, then no amount of electric potential would generate the same AA518 in a chilled leaf as in a control leaf. Our experiments showed that the smaller AA518 was actually indicating a smaller flash-induced membrane potential in light-chilled plants (Fig. 7) .
In summary, this study shows that there is no direct effect of chilling in the light on coupling factor activity. The modest effect that chilling in the light has on photophosphorylation is the result of the thylakoid's reduced capacity to generate the driving force for ATP formation. This work forms the necessary basis for studies probing the effects of chilling on ATP-dependent reactions and processes.
